& Key message Acacia melanoxylon produces abundant seeds leading to large seed banks in the soil. These seeds display a large viability and their germination is stimulated by heat. To control the populations, it is necessary to remove adults and young individuals, and to prevent seedling establishment after fire occupying the space with rapid growth and high competitive native species. & Context Acacia melanoxylon displays a widespread distribution in South West Europe, and an improved knowledge of its reproductive characteristics is required in order to control its expansion. & Aims This experiment was designed to provide useful indicators for an efficient management of A. melanoxylon populations based on its biological cycle in relation to fire.
Introduction
A great number of species of the Acacia genus (Global Invasive Species Database, GISD) are to be found among the invasive species that cause serious problems in ecosystems. Their most serious effects are the alteration of the structure and function of ecosystems and the homogenization of landscape (Lorenzo et al. 2010) . One of the most important species of the Acacia genus due to its invasive potential and widespread distribution in the southwest of Europe is Acacia melanoxylon R.Br. (Australian blackwood). This is a species native to the temperate woods in southeast Australia and Handling Editor: Laurent Bergès Contribution of the co-authors D. Arán performed all experiments and studies and wrote the manuscript. J. García-Duro helped in the field and laboratory work and supervised the statistical analysis. O. Cruz helped in the field work and contributed to the writing of the manuscript. Mercedes Casal supervised the work experiment and revised the manuscript. O. Reyes designed and coordinated the research project and revised the manuscript. Tasmania (Bradbury et al. 2011; Searle 2000) . It is a versatile tree with a great capacity for adaptation, which has spread all over the world above all due to its ornamental value (Knapic et al. 2006) , economical value and colonizing potential, both in its native region (Jennings et al. 2003) and in other countries, such as Chile (Pinilla-Suárez et al. 2006) , Portugal, Italy, France or Spain (Lorenzo et al. 2010) . In South-Western Europe, forest plantations of this species began in the twentieth century and it is currently considered invasive both in Europe and other regions of the world (DAISE 2008; GISD 2016; Sanz-Elorza et al. 2004) . Climate change opens a way for new invasive species and increases the number and distribution of known invasive species. Climate change allows the movement of species to higher latitudes, and, on the other hand, it increases the frequency and intensity of fires. Also, many invasive species modify the fire regime (Mandle et al. 2011) ; moderate fires stimulate the germination of A. melanoxylon (Arán et al. 2013 ) and simultaneously leave areas free of competition, with much radiation and immediate fertility increase. Under these conditions, the fastest species, i.e. the most efficient in the use of resources, occupy the space and prevent the reestablishment of the preexisting plant community. They become invasive (Dick et al. 2014) . A. melanoxylon quickly colonizes space and resources with the help of allelopathic competition . The competitive effect increases with the age of the individuals, because the phyllodes of A. melanoxylon generate allelophathic products which partially inhibit germination of other species while the allelopathic products from the flowers inhibit it completely (Hussain et al. 2011) .
The great capacity of individuals of A. melanoxylon to establish in ecosystems is due to long-lasting individuals which generate vigorous resprouting from the root (Knapic et al. 2006 ) and show stimulation of germination due to fire (Jiménez et al. 2010; Arán et al. 2013) . Also, this species possesses other functional features, such as producing an abundant, persistent and really resilient soil seed bank, which is one of the greatest obstacles to control the spread of this species in most parts of the world (Richardson and Kluge 2008) . Moreover, it is difficult to handle Acacia species due to their tendency to invade ecosystems and crop areas, provoking serious problems in ecosystem services of preservation and production (Blaskesley et al. 2002) .
In order to carry out control actions over a species, it is necessary to understand its biological characteristics (Moya et al. 2007) , especially those that allow it to invade and dominate a community. The seeds of A. melanoxylon are classified according to O'Dowd and Gill (1986) as type B seeds, that is, adapted for ornithochory, with a prominent and coloured aril and a semi-permeable testa; they are also dispersed by air or water. They also present primary dormancy that is easily broken by scarification (Richardson and Kluge 2008) . Even though they present several dispersal mechanisms, most of the seeds of the Acacia species are accumulated below or really close to the crown of the mother plants (Milton and Hall 1981; Walters and Milton 2003) . Some recent studies described the main ecological impacts of Acacia species (Le Maitre et al. 2011) , and others focused on some characteristics of their reproductive biology (Gibson et al. 2011; StiehlAlves and Martins-Corder 2006; Reyes et al. 2015b; Wujeska-Klause et al. 2015) , but a more in-depth knowledge of the reproductive characteristics of A. melanoxylon is needed in order to construct and improve methodologies and performances to control invasive species. For this reason, the main aims of this study were (1) to know more about the reproductive characteristics of A. melanoxylon and (2) to define handling criteria to manage the invasive species. These two objectives were achieved through the following specific goals: (i) to determine the abundance and structure of an adult population and its soil seed bank, (ii) to describe the viability of seeds in both aerial and soil seed banks, (iii) to quantify the production and annual distribution of the seed rain, (iv) to determine the effect of fire on the germination of seeds from the aerial and soil seed banks and also of seed maturation and scarification on germination of aerial seed bank, and (v) to quantify seedling recruitment and re-sprout saplings.
Material and methods
The research was performed in an adult population of A. melanoxylon, which is representative of many other populations of South Western Europe: Pedroso population which occupies a surface of 2.5 ha, in Monte Pedroso, Santiago de Compostela, Spain, (ETRS89 29T 535246 4748227, central UTM coordinates). The average altitude of the Pedroso population is 310 m a.s.l. The climate is oceanic, warm and rainy (average annual temperature 13°C, average annual rainfall 1816 mm). The soil is an Umbric Leptosol, little developed and acidic soil (pH ≈ 4.5) developed from granitic materials, where the exchange complex is dominated by Al and surface horizon is rich in soil organic matter. Forest workers make sporadic cuttings of underwood vegetation, the last cutting occurred in December 2012.
Density and structure of the adult population
In March 2012, adult population density and structure of A. melanoxylon was determined, setting up 7 sampling plots of 25 m × 25 m (Méndez et al. 2015) . In those plots, the number of trees above 2.5 cm DBH was counted and DBH measurements were taken of all the trees present in the samples.
Soil seed bank
In order to study the abundance and structure of the soil seed bank, 30 cores of 5 cm of depth and 4 cm in diameter were randomly distributed in the study area (Ferrandis et al. 1999) . Each one of these cores was divided into three depths: 1 (litter), 2 (0-2 cm) and 3 (2-5 cm). The samples were sieved at 1.4 mm and the number of present seeds was recorded. This study was carried out in March-April 2012, before the seed rain cycle and underwood cutting.
Aerial seed bank and seed production
To quantify the aerial seed bank and register the time distribution of seed dispersal, 30 fixed quadrats (50 × 50 cm) were randomly placed on the Pedroso soil during March 2012 and samples were extracted on a monthly basis over a year. In each sample, the legume pods of A. melanoxylon, generally open in two valves, were picked up. To calculate the number of seeds per surface unit, the number of seeds per valve was also counted in a total of 200 valves (100 pods 
Seed viability
Seed viability was determined for both the aerial and the soil seed banks. A tetrazolium test for seed viability was used (Calvo et al. 2016) , following the guidelines established by ISTA (2007): 5 replicates of 25 seeds were incubated in 9-cmdiameter Petri dishes to which 10 ml of 1% chloride 2,3,3-triphenyl tetrazolium were added. After 2 days in the dark, seeds with a reddish embryo were considered viable.
Germination
Two treatments were applied to the seeds: a control and a thermal treatment of 80°C-10 min. The choice of thermal treatment was based on a previous study (Arán et al. 2013) , as the one that most stimulated germination. In addition, two treatments were applied to the seeds of the aerial bank: mechanic scarification with cutter and maturation, because both are related to breaking dormancy in leguminous species. To simulate the effect of maturation, the seeds were maintained in the dark at about 25°C, 50% RH for 2 years. Following Reyes and Trabaud (2009) , 5 replicates of 25 seeds each were made with the seeds of each soil level and treatment. To ensure the independence of the replicates, each one was exposed to thermal treatment in isolation. The seeds were incubated in a Phytotron (ClimasAGP890) keeping them for 16 h with light at 24°C and 8 h of darkness at 16°C (Rivas et al. 2006; Arán et al. 2013; Reyes et al. 2015a ). Germination, considered as the emergence of the radical was registered each Monday, Wednesday and Friday in a row until germination was completed, 2 months later.
The final germination was expressed as percentage and time needed to reach 50% of germination (T 50 ) in days . It was ensured that the data met the assumptions of the ANOVA and for that, the data of percentage of germination were arcsine transformed. The obtained data were analysed using several univariate analyses (ANOVAs). In those cases where the ANOVAs showed significant differences, a Duncan test was carried out with p < 0.05 to find out which treatments were different from control. The software used was "PASW Statistics 18" for Windows.
Bank of seedlings and re-sprout saplings
In order to know how many seeds incorporated to the soil can actually become new individuals of the population each year, the number of seedlings existing in the population 10 months after the underwood cutting was determined and a difference was established between the seedlings emerged that year and those from the previous year which had re-sprouted.
The slash was done in December 2012 and the sampling of seedlings and re-sprouted seedlings in September 2013. To that aim, we performed 65 samples of 50 cm × 50 cm in which all present seedlings and non-re-sprouting individuals were counted (Reyes et al. 2015a) . Also, the spatial distribution of seedlings in the population was evaluated.
With the information of each phase of the biological cycle studied, we drew a projection towards the future of two scenarios: with and without fire. The fire scenario was inferred from the experiment and literature. It was assumed that fire destroyed the aerial seed bank and acted on levels 1 and 2 (in the same manner as 80°C-10 min) of soil seed bank but not on level 3. In without fire scenario, the germination came from seed control of the aerial seed bank plus the corresponding one to each level of the soil seed bank.
Results

Abundance and structure of the adult population
The density of the adult population of A. melanoxylon taking into account all individuals with a DBH over 2.5 cm was 201 ± 17 individuals·ha ; the number of seeds increased with increasing soil depth ( Fig. 1) : the two deeper levels displayed significant differences with the litter level (p < 0.001).
Viability
The viability of seeds from the aerial bank was 95.2%. In the soil seed bank, the viability was above 92% (Table 1) . The adult individuals were over 30 years old, and some of the seeds of the soil bank could be about 25 years old. These data confirm that the soil seed bank of A. melanoxylon is resilient over time, and it also preserves all the viability of the seeds when released from their mother plant.
Aerial seed bank and seed production
The aerial seed bank was very abundant, 10,900 seeds m −2 year −1
, but it is not persistent over time because all seeds produced are dispersed in the same year (personal observation). The number of seeds per pod was high and constant (9.37 ± 0.26). Average seed production was 543,000 seeds individual −1 year −1 . The seed rain was continuous throughout the year (Fig. 2) , although an increase in the number of seeds occurred between August and December (p < 0.05). The highest value was reached in December 2012 with 115 × 10 3 ± 8.7 × 10 3 seeds individual −1 and the lowest during July with 9.04 × 10 3 ± 1.5 × 10 3 seeds individual −1 .
Germination
The percentage of seed germination from the aerial seed bank was moderate (53.6%, Table 2 ). Freshly fallen seeds increased their germination after thermal treatment, reaching 71.2% (Fig. 3) , a significant difference compared to the control seeds (p < 0.05). After maturation in laboratory conditions, the seeds from the aerial seed bank increased germination a little compared to control and reached 64.0%. The scarified seeds showed an increase in their germination, reaching a value of 72.0% (Fig. 3 and Table 2 ). Significant differences between control and scarified seeds were detected (p < 0.05); however, the difference between control and seeds matured over 2 years was not significant.
The germination of control seeds from the soil seed bank was very low in the three depth levels studied and in all of them, it increased a lot with thermal treatment (Fig.4 and Table 2 ). Seed germination increased by over 80% in all cases. No difference was detected among soil depths neither in controls nor in heat-treated samples.
The temporal distribution of germination was different in the seeds from each seed bank (Fig. 3 and Fig. 4) . Seeds from the aerial bank took about 15 days to germinate and even 4 months later, some germination was still taking place; however, soil seeds, both control and those treated with thermal shock, started to germinate sooner, in about 5 days, and after 1 month, germination was almost finished. In the aerial seed bank, the seeds that presented a more similar behaviour to the soil bank seeds were the scarified seeds, since they presented a similar pattern to the heated seeds from any soil level. The largest difference in germination patterns took place in the soil seed bank, between control and thermal treatment. The first presented flat curves over time, whereas the latter presented abundant early germinations, concentrating the highest increments between days 5 and 20 of the experiment. The T 50 of the aerial seed bank was much larger than the T 50 of the soil seed bank (Table 2) . Despite the differences in T 50 , only scarification provoked a significant advance in mean germination time.
Seedling and re-sprouting sapling banks
The density of seedlings of A. melanoxylon was very high, 124.6 ± 14.4 seedlings m . The other groups of seedling density were much less frequent, and 14% of the quadrants presented between 10 and 24 re-sprouting saplings m −2
. The remaining 5% of the quadrants presented between 5 and 9 re-sprouting saplings m −2 (Fig. 5b) .
Discussion
In the studied population of A. melanoxylon, the older trees predominated, which lead us to think that the population would not persist. However, making a projection into the future of two scenarios with or without fire based on the number of individuals in each period of the biological cycle of A. melanoxylon (seed banks, recruitment of seedlings, and saplings), we found that the population could continue to survive and colonize new areas. The soil seed bank was very abundant and delved deeper into the ground, which is common in mature populations. The increase in seed density with increasing soil depth and the clear separation of the litter from the rest of the soil indicates a bank persistent over time (Ferrandis et al. 2011 ). The total soil seed bank contained about 44,640 seeds m −2 , a density very similar to that found on the same species by Milton and Hall (1981) in South Africa. A big seed bank like this one made up of seeds with high viability (approximately 95%) and which may remain dormant for 50 years or longer (Holmes 1989; Leino and Edqvist 2010) implies a strong resilience of the population and is an obstacle for an efficient and sustainable management of A. melanoxylon in many parts of the world (Richardson and Kluge 2008) . A marge storage in the soil seed bank will perpetuate the population because the buried seeds are better isolated from the fluctuations in surface temperature, and they can stay longer in a latent physical state (Richardson and Kluge 2008) .
The annual production of seeds was very high (543,000 seeds individual
), that is an approximate density of 10,900 seeds m −2 year −1
. Similar densities were registered in Portugal in different populations of A. longifolia (Labill.) Wendl. (Marchante et al. 2010) . However, the production of seeds greatly varies within and across species, areas, habitats and years (Lorenzo et al. 2010) . Thus, the value of seed production obtained in this research was between 3 and 10 Levels of the soil seed bank: 1 litter, 2 0-2 cm, 3 2-5 cm a Significant differences with control times higher than that obtained by Gibson et al. (2011) in populations of A. melanoxylon in the Southern hemisphere, where fructification efficiency is normally low; less than 1% of the flowers of A. cyclops G. Don, A. longifolia, A. podalyriifolia A.Cunn. ex Don, A. melanoxylon and Acacia saligna (Labill.) H. Wendl. produced mature pods (Milton and Hall 1981) . The seed rain was abundant throughout the year but not uniform. If we take almost 11,000 dispersed seeds, about a fourth of these seeds were lost in its transition to the litter. The loss of these seeds could have been due to animal predation (rodents, ants, birds, etc.), rotting and germination of the seeds, and to a much lesser extent, to other types of disturbances (erosion). Thus, the three fourths of the annual seed rain joined the active soil seed bank (Fig. 6) .
The high seed germination in the aerial seed bank indicated the existence of two groups of seeds in the aerial seed bank: (a) those with immediate germination and (b) those that somehow remain dormant. Thermal shock and mechanic scarification released a good part of dormant seeds, but 25% of viable seeds could present other type of dormancy, which may be only released after going through the soil seed bank. Most of the seeds that go into the soil seed bank are dormant and thus, since there are no external stimuli, there is little germination at each of the depth levels. Seed viability was high, which corroborates the high degree of dormancy; between 85 and 91% of the seeds in the soil were latent. This behaviour was also observed by Marchante et al. (2010) in A. longifolia. In this species, the germination percentage did not exceed 12%. This high dormancy guarantees the soil seed bank to possess many seeds ready to germinate after a disturbance breaks the state of physical latency. This germination response to moderate thermic shocks was already observed in this species (Arán et al. 2013) . Similar results were found in other species of the same genus (Bell 1999) and in other species of the same family (González-Rabanal and Casal 1995; Rivas et al. 2006; Reyes and Trabaud 2009) .
The soil seed bank is a dynamic system in constant flow, receiving seed input with aggregate distribution over space and time, as shown in this study, mainly from nearby plants Fig. 4 Temporal distribution of seed germination from the soil seed bank exposed to control and thermal treatment (80°C − 10 min), for each one of the three established levels (Marañon 2001) . Regarding the seeds in the bank, only a small fraction can germinate. If we take into account just the annual production, the percentage of seeds becoming seedlings is 1.4%, whereas if we take into account the total number of seeds in the soil seed bank, we observe that this percentage is reduced, becoming just 0.1%. Therefore, the recruitment of new individuals was low relative to the abundance of the soil seed bank. The majority of these seedlings, or all of them, will not survive in a mature population such as this one, because the resources are completely captured by adult individuals. On the other hand, this low population recruitment can also be explained by the intense resprouting experienced by A. melanoxylon. Due to its capacity to resprout, the settlement of seedlings in the areas already colonized by the species is not essential for the perpetuation of the population. In this population, the density of resprouting saplings was below 3 resprouting saplings m −2 . Likewise, the majority of these resprouting saplings will not reach adulthood except when gaps were opened by falling trees. At the moment, the adult population correspond to 0.02% of seedling population, but taking into account the multiple generations of seedlings that became living adults, that percentage must be even smaller. In the fire scenario, the aerial seed bank will become unviable whereas the most superficial seed bank will be stimulated. The high temperatures of a fire only penetrate the most superficial part of the soil, approximately the litter and level 2 of the soil (Bradstock and Auld 1995) , then the germination of seeds from the soil bank could generate 25,219 seedlings m −2 , that is, three times more than in the absence of fire, and keeping the same transition rate from the germination stage to the establishment stage, the establishing seedlings could be 354 seedlings m −2 . If the population would reach the density of the adult population of this study, then the transition rate from the establishment stage to adult population would be 0.006%. The information provided in this study unveils the high invasive potential of A. melanoxylon while showing the self- (b) present in the studied population 10 months after clear cutting the understory control mechanisms of the species in an area already occupied. This species possesses a great plasticity, easily adapting to any environment and possessing very efficient propagation mechanisms. Although we have not performed an A. melanoxylon control experiment, based on the general knowledge of the life cycle of this species, for small spaces, we propose to control the Australian Blackwood by some prescribed burning with a high frequency followed by uprooting of the emerged seedlings. For large spaces, we propose felling all trees (adult and seedlings) and uprooting all roots with minimal soil disturbance, to prevent mechanic scarification from stimulating the soil seed bank. After that, the soil should be colonized by one or several native species of rapid growth, highly competitive and that cover the soil fast enough to reduce, light to the ground and prevent acacia seedling from taking root. In Atlantic Europe, this species could be Ulex europaeus L. or Cytisus scoparius L (Link.). The germination of these species is stimulated by fire and also regrows (Reyes and Casal 2008; Rivas et al. 2006 ). Although C. scoparius fire response is not as spectacular as that of U. europaeus, broom shrublands are taller and have more biomass than gorse shrublands (Reyes et al. 2000) . In SW Europe, gorse shrublands and broom shrublands form almost monospecific communities that prevent the arrival of light to soil surface and seedling development of any species (Reyes et al. 2000) . The control mechanism of the native species over the invasive species is expected to be similar to that described by Metlen and Callaway (2015) between Pinus ponderosa Dougl. ex Laws about Centaurea stoebe L.
Conclusion
The information given in this study as well as the understanding of great part of the reproductive biology of the species allows us to state that A. melanoxylon presents a serious invasive potential. It possesses seeds with high viability that forms an aerial seed bank, and another one edaphic, both of them very abundant. Starting from them, the recruiting of plants can occur with different temporality depending on the environmental conditions. Fire, maturation and scarification activate the seed bank and favour the massive recruiting of new plants. Its global strategy grants it enormous advantages over the native occupied vegetation. Preventing seedling early growth could be the key point to control A. melanoxylon. Fig. 6 Flow diagram of the dynamics of seed banks and seedlings of A. melanoxylon, before and after a fire. Before fire, the germinated seeds came from the germination control of the aerial seed bank plus the corresponding one to each level of the soil seed bank. The fire scenario was inferred from the experiment and literature. It was assumed that fire destroyed the aerial seed bank and stimulated levels 1 and 2 (in the same manner as 80°C-10 min) of soil seed bank but not level 3. Quantity of seeds present in the aerial and soil seed bank, as well as losses or transformation of individuals, are shown through the percentages of seeds that germinate, as well as the percentage of germinated seeds turned into new seedlings, and the percentage of seedlings that will reach the adult phase of the population in each of the two scenarios
